Introduction: Leptin deficiency caused by mutations within the leptin gene (LEP) results in severe early onset obesity, hypogonadism, pubertal delay and immune system abnormalities. Constitutional delay in growth and puberty (CDGP) is a common condition seen in paediatric clinics, in which children present with delayed growth and puberty but usually also have a slim body habitus. We hypothesized that LEP variants may play a role in the phenotype seen in CDGP. Aim: To screen a group of children with CDGP for pathogenic sequence variants in LEP. Patients and methods: Denaturing HPLC was used to screen for LEP sequence variants in DNA samples from 78 children with CDGP (predominantly white males) and 112 control subjects. DNA fragments with a WAVE pattern deviant from wild type were directly sequenced. A STAT3 luciferase reporter assay in human embryonic kidney (HEK293) cells transiently transfected with the leptin receptor was used to test activity of mutant leptin. Results: One child with CDGP was identified to be heterozygous for a novel missense variant (c.68COG), which results in a proline to arginine substitution (p.P23R). This sequence variant was not identified in any of the other control subjects, but was identified in his mother who shared a similar phenotype of slim body habitus, reduced appetite and pubertal delay (menarche aged 15 years). The leptin variant showed similar stability in serum compared with wild type and did not demonstrate increased activity in an in vitro reporter gene assay. Conclusions: This is the first report of a sequence variant within the LEP gene associated with reduced body mass index rather than obesity. We hypothesize that this variant has increased bioactivity in vivo.
Introduction
Leptin is a 16 kDa adipocyte-derived hormone, which plays a central role in regulating body weight both in man and mouse by inhibiting food intake and increasing energy expenditure (1) . The leptin gene (LEP) is located at chromosome 7q13, spans 20 kbp and contains three exons (2) . LEP expression is associated with obesity, is induced by insulin, tumour necrosis factor-a and glucocorticoids and is negatively regulated by b-adrenoreceptor agonists and thiazolidinediones (3) . Congenital leptin deficiency conferred by homozygosity for LEP mutations leading to a reduced function is associated with hypogonadotrophic hypogonadism, hyperinsulinaemia and abnormalities of cellular immune function with changes in both the number and function of T cells (4) (5) (6) . Treatment with recombinant human leptin in children with congenital leptin deficiency dramatically reduces fat mass, facilitates increased gonadotrophin secretion and pubertal progression and increases T cell number, cytokine production and proliferation (7) .
Constitutional delay in growth and puberty (CDGP) is one of the commonest reasons for referral to a paediatric endocrinologist, is more common in boys and is associated with a variable degree of growth retardation and pubertal delay due to delayed maturation of the hypothalamo-pituitary-gonadal axis (8) . Children with CDGP have reduced body mass index (BMI) compared with control subjects (9) . A number of families with CDGP show a dominant pattern of inheritance and estimates of the heritability of CDGP suggest 50-80% of the variance in pubertal onset may be genetically controlled (10) . The altered puberty and body habitus led us to hypothesize that sequence variants in LEP may affect the phenotype in children with CDGP. Previously, we reported the results of screening a group of CDGP children for known polymorphisms within LEP and screening for novel LEP sequence variants in a small subset of this group (nZ30). The known polymorphisms were not associated with CDGP, but homozygosity for the 3 0 CTTT short repeat was associated with an increased BMI SDS in this CDGP group (9) . We now report the identification of a novel missense sequence variant within LEP found by screening the whole group of children with CDGP for novel variants within the LEP gene, and describe investigations to define its function.
Methods

Patients
Ethical approval was obtained from the local NHS and the University of Manchester Research ethics committees and the study adhered to the rules of the Declaration of Helsinki. Informed consent was obtained from the parent in all cases. All children were examined by a consultant paediatric endocrinologist in an outpatient clinic in Manchester, UK and were recruited if the diagnosis reached was CDGP. 
Measurement of leptin and leptin-binding protein
Serum leptin was measured by IRMA (Diagnostic Systems Laboratories, Webster, TX, USA) and by an in-house RIA in the laboratory of Dr J Kratzsch (Leipzig, Germany) (11) . Leptin-binding protein was measured by Dr J Kratzsch, using an in-house ligand-immunofunctional assay (12) .
Cloning and production of mutant/wild-type leptin
One novel LEP sequence variant was identified in the study. In order to assess the functional consequences of this variant, the full-length, wild-type leptin was cloned into TOPO pCRII vector (Invitrogen) from human adipose cDNA. The c.68COG variant was created by site-directed mutagenesis and the wild-type and mutant variants subsequently cloned into pDEST14 (Invitrogen). The pDEST14 clones were transfected into BL21-A1 Escherichia coli (Invitrogen) and the resultant leptin purified, refolded and sequenced.
Leptin functional assay
Biological activity of the wild-type and mutant leptin was tested in human embryonic kidney (HEK293) cells transiently transfected with the leptin receptor long form and a reporter construct containing a Stat3-binding element fused to a minimal thymidine kinase promoter and luciferase, as previously described (13) . Luciferase activity was measured as previously reported and the effects of wild type, mutant and 1:1 mix of wildtype and mutant leptin were tested over doses ranging from 0 to 100 ng/ml.
Stability of mutant leptin
In order to test whether the mutant leptin protein may have altered stability in serum, mutant and wild-type leptin were spiked into control serum at a concentration of 150 ng/ml. Leptin was measured at 0, 1, 2, 4, 8 and 24 h using an IRMA (Diagnostic Systems Laboratories).
Results
Several known single nucleotide polymorphisms (SNPs) and one novel sequence variant were identified in the 78 children with CDGP, using dHPLC. The novel sequence variant, which was found in a heterozygous individual, was identified with direct sequencing as c.68COG, pP23R. This sequence variant was not found in 112 control DNA samples (taken for cystic fibrosis testing) and the affected amino acid residue (proline) is highly conserved across species (Fig. 1) . We hypothesized that the sequence variant may alter the signal peptide cleavage site; however, generation of the mutant leptin demonstrated that cleavage was unchanged (data not shown) and the result was a single amino acid change in the mature leptin molecule.
Case report
The affected individual was a male referred to the paediatric endocrine service at the age of 15.5 years with concerns about body weight and pubertal progression since the age of 13 years. At presentation, his height was 154 cm (K2.2 S.D.), weight 37.1 kg (K2.8 S.D.) and BMI was 15.6 (K2.3 S.D.). He was in early puberty at Tanner genital and pubic hair stage 3 with testicular volumes of 5 ml. His bone age was delayed at 13.5 years (K1.7 S.D.) by Greulich and Pyle method. In keeping with his early but established puberty, a GNRH test (2.5 mg/kg by i.v. injection) demonstrated a basal LH level of 2.4 IU/l with a peak of 26 IU/l and basal FSH of 3.8 IU/l and peak of 7.5 IU/l. Magnetic resonance imaging of the brain and pituitary gland was normal. Serum urea, electrolytes and liver function tests were normal. Baseline hormone investigations were normal: serum testosterone 12.4 nmol/l (pubertal stage P3/G3), thyroid function test -TSH 2.9 mU/l, free thyroxine 16 pmol/l, fasting glucose of 4.8 mmol/l with fasting insulin of 6.3 mU/l and a serum IGF1 level of 353 ng/ml (measured with an in-house assay with a normal range for his age and gender of 232-1000 mg/l. Serum calcium (2.41 mmol/l) and phosphate (1.43 mmol/l) were within the normal range and anti-gliadin, anti-endomysial and anti-thyroid peroxidise antibody titres were normal.
He reported a prolonged period of recovery after minor viral illnesses. Immunology investigations demonstrated marginally low levels of C3, C4 and CD16 positive lymphocytes (Table 1 ). An initial short synacthen test (250 mg synacthen, i.v. injection) demonstrated a peak cortisol of 295 nmol/l at 30 min and a subsequent low dose synacthen test (1 mg synacthen, i.v. injection) demonstrated another suboptimal peak cortisol of 320 nmol/l at 30 min. ACTH measured at 0900 h was marginally raised at 67 ng/l (normal range 5-50 ng/l). CRH stimulation test (1 mg/kg, i.v. injection), undertaken to assess the level of adrenal axis abnormality, demonstrated a peak ACTH of 30 ng/l (basal 10 ng/l, mean increment in normal children 22 ng/l, range 0-50 (14)) and peak cortisol of 300 nmol/l (basal 150 nmol/l, mean increment in normal children 295 nmol/l, range 56-580 (14)), both at 45 min, consistent in our laboratory with a positive but not exaggerated response to corticotrophin releasing factor (CRF) at the level of the pituitary, and therefore not supporting a diagnosis of primary or secondary adrenal insufficiency. A hypothalamic aetiology cannot be excluded. He was initially started on replacement hydrocortisone, but felt no benefit. Therefore, he was advised to use hydrocortisone therapy for periods of illness.
He was treated with three i.m. injections of testosterone (100 mg Sustanon) and progressed satisfactorily into puberty with a final height of 172 cm (K0.7 S.D.) and adult pubertal staging at age 18.5 years. His weight and BMI at 18.5 years were 49.4 kg (K2.5 S.D.) and 16.7 (K2.5 S.D.), respectively. He worked as a chef and commented that he lacked appetite, rarely ate a full meal and could go for days Figure 1 Protein sequence alignment demonstrating high conservation across species for the proline (P) at residue 23 (black background), which is changed to an arginine in the reported family. Signal peptide sequence highlighted in grey. just picking at food. Importantly, he did not have any disturbance of body image or fear of gaining weight. His serum leptin was measured at 0.96 ng/ml using the DSL IRMA, while in the in-house RIA, his serum leptin was undetectable probably due to the sequence variant altering the antibody-binding site. Although normative values are not available for healthy patients of this BMI, extrapolation of regression lines on a plot of BMI SDS versus serum leptin indicates this value would be around the 10th centile. Leptin binding protein was measured at 46 ng/ml (above the 75th centile).
Our patient was the only child of non-consanguineous Caucasian parents born at term by spontaneous vaginal delivery, weighing 3800 g. Paternal height was 180 cm (C0.8 S.D.) and maternal height 154.9 cm (K1.2 S.D.). The patient had two half-brothers via his mother's previous marriage (for family tree, see Fig. 2 ). Both the mother and one of the half-brothers were also heterozygous for the c.68COG change. The mother reached menarche at the age of 15 and was thin with a weight of 48 kg (BMI 18.5). She reported that she had a poor appetite and had to eat high-calorie snacks every day to maintain her weight. The half-brother who was heterozygous for the variant had a normal appetite and weight and did not have any history of delayed puberty. The father had no delay in puberty, no alteration of his appetite or reduced BMI and, in fact, had a heavy build; sequencing of the leptin gene of the father did not reveal a variant or mutation.
Functional assessment of the mutant leptin
Mutant and wild-type leptin spiked into serum did not decrease in concentration over 24 h (see Fig. 3 ). The leptin IRMA consistently detected w60% of the leptin spiked into serum.
Using a STAT3 luciferase reporter system, we did not identify any significant difference in the ability of wildtype and mutant leptin to activate the STAT3 reporter gene at concentrations of 6.25, 25 and 100 ng/ml (see Fig. 4 ) in three independent experiments. Fold induction of luciferase was not different between a 1:1 mix of wild-type and mutant leptin at total concentrations of 6.25, 25 and 100 ng/ml and wild-type leptin alone (data not shown).
Discussion
Here, we report a family where the mother and one son had shown a persistently poor appetite associated with decreased BMI and a history of delayed puberty with both being heterozygous for a novel sequence variant within LEP: one other son was also heterozygous for the same sequence variant but had a normal appetite, BMI and pubertal development. The pattern of inheritance seen would be compatible with a dominant trait with variable penetrance. Sequence variants in other genes such as the leptin receptor or one of the downstream components of the leptin signal transduction system may be required for development of the phenotype described. As this sequence variant was not found within a control group of 112 children nor within 78 CDGP patients also screened for this variant, it must either be a pathogenic variant or a very rare SNP. The high degree of conservation of the amino acid affected supports our view that this is likely to be a pathogenic variant, which may increase the biological Figure 2 Family tree. The index case was a 15-year-old boy (black, arrow) who presented with poor appetite, low BMI and a delayed puberty. His mother also had a persistently poor appetite and a history of delayed puberty. Both were heterozygous for a novel sequence variant in LEP. There was one half-brother (grey) who had a normal phenotype but carried the heterozygous LEP variant. The father and second half-brother had no history of delayed puberty or reduced BMI and no identified variants in LEP. Wild-type and mutant leptin were spiked at a concentration of 150 ng/ml into control serum (with a known leptin concentration !1 ng/ml). There was no evidence of degradation either of the mutant or wild-type leptin. The assay consistently detected w60% of the mutant leptin spiked into serum. This is likely to be due to one of the antibodies in the assay having a low affinity for the mutant protein.
activity of leptin. Autosomal-dominant mutations leading to enhanced biological activity are found in a variety of disorders, including Noonan syndrome (in the MAPK pathway) (15) (16) (17) , testotoxicosis (in the LH receptor) (18) and in central precocious puberty (in the ligand for GPR54, kisspeptin) (19) . A number of possible mechanisms for this putative increased leptin bioactivity can be proposed: the variant may lead to decreased degradation in serum or an altered balance between free and bound circulating leptin with increased free leptin. Both of these possibilities are unlikely in view of the low endogenous serum leptin level and normal leptinbinding protein levels. The mutant could lead to increased activation of the leptin receptor and hence increased intracellular signalling. We found no evidence of this in our reporter system but this only tested signalling via STAT3, and it is possible that the leptin mutant could differentially stimulate other pathways. Leptin signals through STAT5, S6 kinase as well as PI3K and IRS1 (both via activation of JAK2) (20) . It is also known that individual signal transduction pathways may contribute to different components of leptin's action, e.g. the STAT3 pathway contributes to obesity but does not affect linear growth or fertility in mice (21, 22) ; in addition, the short-term effects of leptin on appetite are independent of STAT3 (23) . Alternatively, the mutant may occupy the receptor for an increased period, resulting in a more prolonged but not necessarily enhanced signal transduction. Mutations in several human genes (1, 24-26) (LEP, leptin receptor, melanocortin-4 receptor, prohormone convertase and proopiomelanocortin) have been identified in patients with monogenic obesity syndromes, but data on the genetic causes of thin body habitus are very limited. Screening both obese diabetics and those with anorexia did not identify any pathological LEP mutations (27, 28) . A recent genome-wide association study in US and Chinese populations identified two SNPs within the only intron of the TRH receptor gene which showed significant association with lean body mass (29) , while an association with the vitamin D receptor gene was identified in a cohort of children with idiopathic short stature/CDGP (30) .
Two different assays were used to measure serum leptin in our patient. While one assay was unable to detect leptin in the patient's serum, the second assay detected a low level of serum leptin. The low leptin levels are at least in part due to an inability of the assay to detect the mutant leptin, as demonstrated by spiking a known amount of mutant leptin into serum with recovery in the assay being around 60%. This is likely to be due to reduced binding of one of the assay's antibodies to the variant leptin. Low levels of serum leptin are associated with both constitutional delay of growth and puberty (31, 32) and with anorexia nervosa (33, 34) , while serum leptin levels are positively correlated with body fat mass across a wide range of BMI in anorexic, normal weight and obese subjects (34) . For patients with CDGP, although absolute levels of leptin are low, levels after adjustment for BMI are increased (35) . Patients who are heterozygous for known loss of functional LEP mutations (76% of whom had a BMIO30) are known to have low but detectable levels of leptin (36) . It is probable that the low serum leptin level in the patient reported here is primarily due to his low BMI. Such low levels of leptin have been reported in patients with anorexia nervosa, where the BMI was similar to that initially reported for our patient (34) . We believe that in this patient, the pubertal delay was the result of the very low levels of serum leptin, both normal and mutant, with the increased bioactivity of the latter not being able to compensate in terms of pubertal initiation.
The cause of our patient's adrenal insufficiency is unclear; he displayed normal ACTH and cortisol responses to the CRH test. A hypothalamic aetiology is the most likely. Leptin secretion is pulsatile and there is an inverse relationship between plasma leptin levels and those of ACTH and cortisol (37) . It is therefore possible that if the variant leptin had increased bioactivity, this may result in suppression of cortisol secretion.
In conclusion, we report a mother and son who are heterozygous for a novel leptin gene sequence variant with both exhibiting poor appetite, low BMI and delayed puberty (but without fertility problems in the mother). We propose that this is a dominant variant, but functional studies so far have not yet be able to demonstrate enhanced bioactivity of the mutant leptin. Further studies to examine its effects on receptor interactions and other components of the leptin signal transduction system are required. 
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